Abstract-Recently, adaptive multi-user detection techniques for interference suppression in direct-sequence code-division multiple-access (DS-CDMA) systems have gained much attention since they do not require any information on interfering users. In the uplink of DS-CDMA systems, however, the base station receiver typically knows the spreading waveforms of the users within its cell but does not know those of the users in other cells. In this paper, we propose a partial zero-forcing adaptive minimum mean squared error (MMSE) receiver for the DS-CDMA uplink utilizing the spreading waveforms known at the base station as well as training data. The proposed receiver first removes the intracell interference using a linear filter based on the knowledge of the spreading waveforms of the interfering users within the cell. Then the intercell interference remaining in the output of the linear filter is mitigated by adaptive MMSE detection. To speed up the convergence of the adaptive filter weights without loss of the steady-state performance, we develop a modified least mean square (LMS) algorithm based on the canonical representation of the filter weights. It is shown through analysis and simulation results that the proposed receiver improves the convergence speed and the steady-state performance.
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I. INTRODUCTION
T O improve the capacity and performance of directsequence code-division multiple-access (DS-CDMA) systems, there has been a great deal of interest in reducing the multiple-access interference (MAI) through the use of multi-user detectors [1] . Among various multi-user detectors proposed so far, the adaptive minimum mean squared error (MMSE) receiver [2] - [4] has gained much attention since it requires no side information on interfering users other than the code timing of the user of interest and training data. The adaptive MMSE receiver suppresses the MAI by minimizing the mean squared error (MSE) adaptively. A major drawback of the adaptive MMSE receiver is the long training duration needed to get satisfactory steady-state performance. A blind adaptive multi-user detection method proposed in [5] inate the need for training and requires the receiver to know the spreading waveform and timing of the user of interest. MAI suppression is based on the constrained minimization of the mean output energy. More recently, a subspace approach to the blind adaptive multi-user detection has been proposed in [6] . Although the blind adaptive receivers do not need any training, they do not resolve the problem of slow convergence speed. The adaptive multi-user detection techniques mentioned above are very attractive for the downlink of DS-CDMA systems, where a mobile receiver does not have the information on interfering users. In the DS-CDMA uplink, however, the base station receiver typically knows the spreading waveforms of part of the users, e.g., the users within its cell, but does not know those of the users in other cells. It is natural to expect that the performance of the adaptive receivers can be improved by utilizing the knowledge of the spreading waveforms of the in-cell users. The adaptive successive interference canceler (SIC) employs adaptive MMSE detection in combination with successive interference cancellation [7] . However, its performance improvement is limited by the cumulative noise resulting from imperfect cancellation. Some blind multi-user detection methods exploiting the information on the in-cell users' spreading waveforms were also proposed [8] , [9] . The partitioned linear interference canceler (PLIC) [8] is based on the generalized sidelobe canceler [10] , which is a popular technique for array signal processing algorithms. In [9] , several group-blind multi-user detection algorithms were developed based on the subspace approach to the blind multi-user detection. The algorithms proposed in [8] and [9] provide better performance than the conventional blind algorithms, but the convergence speed of those algorithms may need to be improved.
In this paper, we propose a partial zero-forcing adaptive MMSE receiver for the DS-CDMA uplink, which improves the steady-state performance and the convergence speed by exploiting the in-cell users' spreading waveforms known at the base station as well as training. The intracell interference is first removed by a linear filter, constructed utilizing the knowledge of the spreading waveforms of the interfering users within the cell. The intercell interference remaining in the output of the linear filter is then suppressed by the adaptive MMSE detection. To improve the convergence speed without loss of the steady-state performance such as bit error rate (BER) and signal-to-interference-plus-noise ratio (SINR), the adaptive MMSE detection is implemented by a modified least mean square (LMS) algorithm proposed based on the canonical representation of the adaptive filter weights. The performance of the proposed receiver is evaluated by analysis and simulation.
0018-9545/02$17.00 © 2002 IEEE The paper is organized as follows. In Section II, the system model is presented. In Section III, the proposed receiver is described and its performance analysis is presented. Section IV presents numerical results. Finally, we draw conclusions in Section V.
II. SYSTEM MODEL
Consider a synchronous DS-CDMA system with users. The signal received at the base station is given by (1) where denotes the bit duration, the th bit transmitted by the th user, the bit energy of the th user, and the additive white Gaussian noise with power spectral density of . The spreading waveform of the th user can be expressed as (2) where is the th element of the signature sequence for the th user, the processing gain, the chip duration, and the rectangular chip waveform with the duration of and the amplitude normalized so that . The th sample at the output of the chip-matched filter is (3) where . Then the vector of the received samples during the th bit interval is (4) where is the noise vector with and . It is assumed that are linearly independent.
III. PARTIAL ZERO-FORCING ADAPTIVE MMSE RECEIVER
In this section, we describe the partial zero-forcing adaptive MMSE receiver proposed for the DS-CDMA uplink. The first user is assumed to be the desired user. It is also assumed that users are the in-cell users, i.e., the spreading waveforms of users are assumed to be known at the base station.
The intracell interference can be removed by projecting the received signal onto the subspace null via the projection matrix given by (5) where is the matrix whose columns form an orthonormal basis of null and null . 1 The projected signal does not contain the components of the subspace spanned by . The intercell interference remaining in can be suppressed by adaptive MMSE detection. The output of the receiver is and the bit decision is made by . The fact that null implies that should also be in null . Therefore, can be expressed as . Then the receiver output can be rewritten as (6) where since . The weight vector is chosen to minimize the MSE (7) To reflect explicitly the reduction in degrees of freedom associated with the projection of the received signal onto null , the proposed receiver is implemented in the form of the partial zero-forcing filter followed by the adaptive MMSE detection, as expressed in (6) and (7). 2 The closed-form optimal solution to (7) is given by (8) where and . The minimum MSE is then given by (9) If there is no information on the interfering users' spreading waveforms, the proposed receiver trivially becomes the conventional MMSE receiver. When the spreading waveforms of all the interfering users are known, i.e., , all the interfering signals are completely removed by the partial zero-forcing filter or, equivalently, by the projection of onto null . And, corresponding to is, after some simple manipulations, given by (10) which is the matched filter for . is the first user's spreading waveform projected onto null . Thus, the proposed receiver becomes the decorrelator of [12] if the spreading waveforms of all the interfering users are known.
A. Implementation of the Adaptive MMSE Detection
To speed up the convergence speed of the adaptive filter weights without loss of steady-state performance, we now develop an implementation technique for adaptive MMSE detection based on the canonical representation of the adaptive filter weights. Unlike the (training based) conventional adaptive MMSE detection of [2] - [4] , the proposed adaptive implementation employs the information on desired users' spreading waveform as well as a training sequence. The weight vector may be represented in canonical form as follows [5] : (11) where and is orthogonal to , i.e., . Let be the matrix whose columns form an orthonormal basis of the subspace null . 3 Since null can be rewritten as (12) The canonical representation in (12) reveals that consists of the fixed component , which will be called the anchor and the adjustable component , which is orthogonal to the anchor. Then the optimization in (7) becomes the minimization of the MSE with respect to (13) The closed-form optimal solution to (13) is given by (14) The corresponding minimum MSE is given by (15) in (15) may be different from in (9) because of the anchor. However, in (14) results in the same BER and SINR as in (8) (see the discussions on the canonical representation given in [5] ). To find adaptively, the wellknown LMS algorithm is used (16) where the step size and . The structure of the receiver described so far is shown in Fig. 1 . Due to the elimination of the intracell interference prior to the adaptive MMSE detection and due to the canonical representation-based LMS algorithm described above, the proposed receiver achieves superior transient and steady-state performance compared to the conventional adaptive MMSE receiver, as shown in the next section. 
B. Performance Analysis
Let the weight-error vector in the LMS adaptation of be defined as (17) Then, by subtracting the optimum weight vector from both sides of (16), the LMS adaptation in (16) can be rewritten as (18) where . Comparing (18) with the standard LMS update described in [10] , we observe that the convergence speed and the steady-state performance of the proposed receiver can be characterized in terms of the eigenvalues of the correlation matrix of the input signal for the adjustable weight vector . The convergence speed of the LMS algorithm is governed by the eigenvalue spread of the correlation matrix of tap-input signal [10] : large eigenvalue spread slows down the convergence speed. The eigenvalue spread of an Hermitian matrix is defined as . 4 The correlation matrix of the tap-input signal for the conventional adaptive MMSE reciever is . Note that , where . Since the columns of are orthonormal, i.e.,
, it is easy to show
which indicates that the proposed receiver converges more rapidly than the conventional adaptive MMSE receiver by invoking the Poincaré separation theorem. Poincaré Separation Theorem [13] : Let be an Hermitian matrix, be an matrix whose columns are orthonormal, and
. If the eigenvalues of and are arranged in increasing order, then we have (20) By using the Poincaré separation theorem, it is also easy to show (21) which implies that the proposed adaptive implementation with the anchor [from (13) ] provides faster convergence speed than the direct adaptive implementation based on (7).
It is well known that the LMS algorithm produces a steadystate MSE that is in excess of the minimum MSE . The relative excess MSE at the steady state is defined as (22) and provides a measure of how close the steady-state performance is to the optimal performance [10] .
The relative excess MSE at the steady state for the conventional adaptive MMSE receiver is given by [10] (23) provided that the step size satisfies the convergence condition that . In the same way, if , then the proposed receiver has (24) Each term in the summation of (23) [or (24)] is positive and increasing with (or ) provided that the convergence condition is satisfied. Thus, the Poincaré separation theorem yields (25) implying that the proposed receiver provides the steady-state performance closer to its own optimal performance than the conventional adaptive MMSE receiver does.
To complete the evaluation of the steady-state performance of the proposed receiver, the optimal performance of the two receivers will be compared. Since the anchor is used in the adaptive implementation of the proposed receiver, it is not suitable to compare the minimum MSEs. Thus, the output SINRs corresponding to the optimal solutions of the two receivers are considered. With the filter weight applied to the received signal , the output SINR is given by
The SINR of the conventional adaptive MMSE receiver corresponding to the Wiener solution given in [3] is SINR (27)
In the case of the proposed receiver, the SINR corresponding to the optimal solution can be calculated using in (8) and is given by SINR (28) SINR may be smaller than SINR since the received signal is filtered by the partial zero-forcing filter before the MMSE detection. However, it has been observed that the decrease in the optimal SINR is negligible or insignificant compared with SINR provided that the well-designed signature sequences such as m-and Gold sequences are used. Combining this observation with (25) implies that the steady-state performance of the proposed receiver is better than that of the conventional adaptive MMSE receiver for the same step size. It can be also confirmed from the following simulation results. 
IV. NUMERICAL RESULTS
We consider a synchronous system with users and the processing gain . Gold sequences of period are used as the signature sequences. All of the results in this section are for the first user. Fig. 2 plots the relative excess MSEs of the conventional adaptive MMSE and the proposed receivers versus the number of training bits with in-cell users. In case of the proposed receiver, the relative excess MSE of the direct adaptive implementation without anchor, which is based on (7), is also plotted to assess the benefit of the anchor in the adaptive implementation [see (12) and (13)]. Each curve corresponds to the ensemble average of 500 independent experiments. The bit energy of each user is chosen as follows: dB and dB for . The step size used in the LMS adaptation for each receiver was set to (power of the received signal), i.e., to . The proposed receiver converges more rapidly than the conventional adaptive MMSE receiver. The relative excess MSE at the steady state for the proposed receiver is significantly smaller than that for the conventional adaptive MMSE receiver. Comparing the proposed receiver with the direct adaptive implementation from (7), it is seen that the use of the anchor improves the convergence speed significantly with a similar steady-state performance.
In Fig. 3 , the output SINRs corresponding to the optimal solutions for the conventional adaptive MMSE and the proposed receivers are compared for dB and . The difference in the ideal SINRs of the two receivers is negligible or insignificant compared with the ideal SINR of the conventional adaptive MMSE receiver.
The results in Figs. 2 and 3 imply that the proposed receiver achieves faster convergence speed and better steady-state performance than the conventional adaptive MMSE receiver as illustrated in Fig. 4 , which represents the output SINR versus the number of iterations. For comparison, Fig. 4 also shows the results for the adaptive SIC [7] , the PLIC [8] , and the hybrid group-blind detector [9] . The number of in-cell users is chosen as . The SINR curves were obtained using 500 independent experiments with the bit energy chosen as follows: dB; dB for ; and dB for . The step size used in the LMS adaptation employed for all of the detectors except the hybrid group-blind detector was set to (power of the received signal). The adaptive SIC regenerates the signals transmitted by the in-cell interfering users with stronger power and successively cancels them from the received signal. In the case of the hybrid group-blind detector, the initial estimate of the signal subspace is obtained by applying eigenvalue decomposition to the sample autocorrelation matrix computed using the first 50 received signal vectors. The projection approximation subspace tracking (PASTd) algorithm [6] is then employed for tracking the signal subspace with forgetting factor . It is seen from Fig. 4 that the proposed receiver well outperforms the others. The performance improvement of the adaptive SIC is limited by the cumulative noise resulting from imperfect cancellation of interference although it outperforms the conventional adaptive MMSE receiver. The proposed receiver, the PLIC, and the hybrid group-blind detector utilize information on the in-cell users' spreading waveforms to decorrelate signals of the in-cell users. However, performance of the proposed receiver is superior to that of the two blind algorithms since the proposed receiver employs training as well as the information on the in-cell users' spreading waveforms.
Finally, Fig. 5 shows the steady-state BER of the proposed receiver versus the number of in-cell users with (power of the received signal), dB, and dB for . The steady-state BER was calculated by the Gaussian approximation [14] of the MAI-plus-noise after the convergence of the filter weights and was averaged over 500 independent experiments. The BER of the decorrelator was calculated assuming that the spreading waveforms of all the users are known. For the comparison, the steady-state BER of the conventional adaptive MMSE receiver is also shown. The steady-state BER of the proposed receiver approaches the BER of the decorrelator as increases. When , the ideal BERs of the conventional adaptive MMSE and the proposed receivers are the same. However, it appears in Fig. 5 that the steady-state BER of the proposed receiver with is slightly better than that of the conventional adaptive MMSE receiver. This difference in the steady-state BER is due to the canonical representation-based LMS algorithm used for the adaptive implementation of the proposed receiver.
V. CONCLUSION
In this paper, a partial zero-forcing adaptive MMSE receiver has been proposed for the DS-CDMA uplink. The proposed receiver utilizes the in-cell users' spreading waveforms known at the base station as well as training. The intracell interference is first removed by the partial zero-forcing filter formed by exploiting the knowledge of the spreading waveforms of the in-cell interfering users. The adaptive MMSE detection is employed for suppressing the intercell interference remaining in the output of the partial zero-forcing filter. To speed up the convergence of the adaptive filter weights without degrading the steady-state performance, the canonical representation-based LMS algorithm has also been developed. Due to the elimination of the intracell interference prior to the adaptive MMSE detection and due to the canonical representation-based LMS algorithm, the proposed receiver achieves gains both in convergence speed and in steady-state performance. This was also confirmed through the analysis and the simulation results. The performance gains are obtained at the cost of additional computations to find the partial zero-forcing filter and to form the canonical representation-based LMS algorithm. The proposed receiver assumes perfect knowledge of the spreading waveforms of the in-cell users. However, the performance of the proposed scheme may be susceptible to error in that knowledge, which could be caused by residual error in estimating timing and channel parameters. The remedy for this problem is an important issue for future investigation.
A base station will not only know all spreading waveforms of the in-cell users, but also need to decode all the in-cell users. To decode all the in-cell users, the base station will need to implement the proposed receiver for each user since the proposed receiver treats all users separately. This results in a considerable overhead of , which can be comparable to the complexity of the adaptive filtering itself. Devising joint detection algorithms is a topic for further research.
In realistic situations, the signals transmitted by the users undergo dispersive channels due to multipath propagation and arrive at the base station asynchronously. Although a simple synchronous nondispersive channel is assumed in this paper, the proposed scheme can be extended to asynchronous dispersive channels as follows: for each user, the sum of the spreading waveforms received from multiple paths is regarded as the effective spreading waveform received at the base station, as in [9] . Then, based on the knowledge of the effective spreading waveforms of in-cell users, the proposed algorithm can be modified to process the received signal in windows of finite length, as in [9] , [15] , and [16] .
